Retbindin is a novel retina-specific protein located in the interphotoreceptor matrix (IPM) at the tips of photoreceptor outer segments (OS).[@bib1]^,^[@bib2] In the IPM metabolites and nutrients are exchanged between photoreceptors and the retinal pigment epithelium (RPE).[@bib3] Retbindin is secreted into the IPM and peripherally anchored to the plasma membrane via electrostatic forces, and we showed that mice lacking retbindin (*Rtbdn^−/−^*) exhibit retinal degeneration as well as defects in rod and cone function.[@bib2]^,^[@bib4] Our previous studies using both degenerative models that lack rods but retain some cones and models in which GFP is knocked into cells that express retbindin have shown that retbindin expression is limited to rods.[@bib2]^,^[@bib4] Retbindin shares significant homology with the riboflavin binding domain of chicken oviduct riboflavin binding protein (RBP).[@bib1]^,^[@bib2] Subsequently, we determined that retbindin binds riboflavin in vitro[@bib2] and that flavin levels were reduced in *Rtbdn^−/−^* mice.[@bib4]

Riboflavin is not synthesized by the body and is the precursor of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), essential enzymatic cofactors.[@bib5]^--^[@bib7] FMN and FAD are involved in many processes, including antioxidant systems (where they are cofactors for glutathione reductase) and energy generation. Cellular energy production involves the use of FAD/FMN in the electron transport chain[@bib8] and during beta-oxidation of fatty acids.[@bib9] Retinal flavin levels are several-fold higher than blood levels,[@bib10] reflecting the extraordinarily high demand for energy in photoreceptors and retinal susceptibility to oxidative stress. Combined these observations have led us to hypothesize that retbindin may play a role in the ability of the retina to concentrate flavins.

Flavin levels are decreased in models of rapid retinal degeneration such as the *rd1* and *rd10*.[@bib11] However, it is not clear what role retbindin or flavin metabolism may play during retinal degeneration. To begin evaluating this, here we examine the role of retbindin in a model of cone-rod dystrophy, the R172W peripherin 2 transgenic mouse model (*Prph2^R172W^*).[@bib12] Peripherin 2 is essential for the formation of rod and cone OSs.[@bib13]^,^[@bib14] The R172W mouse model has been well characterized, and mimics many of the cone-rod dystrophy phenotypes seen in patients carrying the R172W mutation,[@bib12]^,^[@bib15]^--^[@bib18] including functional defects in cones and late-onset retinal degeneration.

Here, we report that retbindin levels are significantly upregulated in *Prph2^R172W^* retinas before and during degeneration. Furthermore, eliminating retbindin in the R172W model (*Rtbdn^−/−^/Prph2^R172W^*) exacerbated structural and functional degeneration associated with the R172W mutation. Interestingly, retinal flavin levels were elevated in the *Rtbdn^−/−^/Prph2^R172W^*retinas. Our results clearly demonstrate that retbindin has a role during degeneration and suggest that the contribution of retinal flavins during degeneration is complicated.

Materials and Methods {#sec2}
=====================

Animals {#sec2-1}
-------

Retbindin knockout (*Rtbdn*^−/−^*)* and R172W-Prph2 transgenic mice were generated and characterized as reported previously.[@bib2]^,^[@bib4]^,^[@bib12] The *Prph2^R172W^* mice on wild-type (WT) peripherin 2 background were cross-bred into the *Rtbdn*^−/−^ background to generate the *Rtbdn^−/−^/Prph2^R172W^*mice. WT, *Rtbdn*^−/−^ and *Prph2^R172W^* mice were included for comparisons. All procedures were approved by University of Houston Institutional Animal Care and Use Committee (IACUC).

Animals are backcrossed onto our in-house WT line, a strain that was created by breeding FVB mice to C57BL/6, eliminating the rd1 and rd8 mutations and then inbreeding for over 10 generations. PCR genotyping confirmed that none of the mice used in this study carry the rd8 mutation. Animals were housed under 30- to 50-lux cyclic light 12 hours light:12 hours dark. Both sexes were equally included in the analyses. For sample collection, animals were euthanized using CO~2~ asphyxiation and retinas were collected as described before[@bib19] and immediately frozen in liquid nitrogen and stored at −80°C until used.

Protein Chemistry {#sec2-2}
-----------------

Immunoblot analyses, as well as soluble IPM, cytoplasm/membrane fractionation, were performed as detailed previously.[@bib2] Antibodies used are described in the [Table](#tbl1){ref-type="table"}.

###### 

Antibodies

  Antigen                            Antibody       Species   Source                                       Concentration
  ------------------------------ ---------------- ----------- -------------------------------------------- ---------------
  Retbindin                         Anti-Rtbdn      Rbt PC    In-house[@bib2]^,^[@bib53]                   1:500 (WB/IF)
  Prph2                              RDS-2B7         Ms MC    In-house                                     1:1,000 (WB)
  IRBP                              Anti-IRBP       Rbt PC    Reference[@bib55]                            1:1,000 (WB)
  GAPDH                               Ab8245         Ms MC    Abcam, Cambridge, MA, USA                    1:1,000 (WB)
  beta-Actin-HRP                      A3854          Ms MC    Sigma-Aldrich, St. Louis, MO, USA            1:50,000
  GFAP                                MAB360         Ms MC    Millipore,Burlington, MA, USA                1:1,000 (IF)
  FLAD1                           G-4, sc-376819     Ms MC    Santa Cruz Biotechnology, Dallas, TX, USA    1:1000 (WB)
  Rabbit-HRP                          AP187P        Goat PC   Sigma-Aldrich, St. Louis, MO, USA            1:25,000 (WB)
  Mouse-HRP                           AP181P        Goat PC   Sigma-Aldrich, St. Louis, MO, USA            1:25,000 (WB)
  Alexa Fluor-anti rabbit 647         A21245        Goat PC   Thermo Fisher Scientific, Waltham, MA, USA   1:1,000 (IF)
  Alexa Fluor-anti mouse 555          A31570       Donkey PC  Thermo Fisher Scientific, Waltham, MA, USA   1:1,000 (IF)
  PNA Alexa Fluor 488                 L21409          N/A     Thermo Fisher Scientific, Waltham, MA, USA   1:500 (IF)
  Isolectin B4 Alexa Fluor 568        L21412          N/A     Thermo Fisher Scientific, Waltham, MA, USA   1:250 (IF)
  DAPI (stain)                        62248           N/A     Thermo Fisher Scientific, Waltham, MA, USA   1:1,000 (IF)

Soluble IPM, cytoplasmic and membrane fractions were prepared by placing intact freshly extracted postnatal day (P)30 retinas in phosphate buffered saline solution \[PBS\] (pH 7.2) containing protease inhibitors on ice for 15 minutes without agitation. The supernatant (soluble IPM fraction) was collected after centrifugation at 113*g* for 5 minutes with an Eppendorf centrifuge 5427R (Eppendorf International, Hamburg, Germany). The pellets were incubated in hypotonic buffer (PBS, pH 7.2 containing protease inhibitors) on ice for 15 minutes and then extracted with a hand-held motorized pestle tip homogenizer and centrifuged at 50,000*g* for 30 minutes. The supernatant (cytoplasmic fraction) was removed, and the pellet (membrane fraction) was resuspended/solubilized in PBS (pH 7.2) containing 1% Triton X-100 and protease inhibitors and then homogenized with sonication. After 1 hour\'s incubation at 4°C, samples were centrifuged at 16,128*g* for 5 minutes. The supernatant was considered to contain the membrane bound proteins.

Immunofluorescence {#sec2-3}
------------------

Eyes were fixed in Davidson\'s fixative (32% ethanol, 11% acetic acid, 2% formaldehyde),[@bib2] embedded in paraffin, and cut into 10-µm sections. After rehydration and antigen retrieval (10 mmol/L citrate buffer, pH 6.0), sections were blocked, probed for retbindin as previously described,[@bib2] and subsequently incubated with secondary antibodies. Antibodies are listed in the [Table](#tbl1){ref-type="table"}. Slides were mounted with Prolong Gold (no. P36934, Thermo Fisher Scientific, Waltham, MA, USA), and images were captured using Zeiss 800 LSM confocal system with an Airyscan detector and processed in Zen 2 lite software (Zeiss, Thornwood, NY, USA). Images in [Figure 1](#fig1){ref-type="fig"}B (upper panel) and [Figure 5](#fig5){ref-type="fig"} were collected under epifluorescent conditions at original magnification × 40. Images in [Figure 1](#fig1){ref-type="fig"}B (lower panel) were captured at original magnification × 63 and shown are Airyscan processed collapsed planes from a confocal stack. Images in [Figure 3](#fig3){ref-type="fig"}B were collected at original magnification × 20 and are collapsed views of confocal images with six planes (1 µm each). For cone counts, sections were labeled with peanut agglutinin (PNA) and imaged 200 µm inferior and superior to the optic nerve. For each animal, the number of cones in the superior and inferior images was averaged to obtain a single value for that animal. N = 3 animals/genotype and age.

![Retbindin is upregulated in the *Prph2^R172W^* retinas. (**A)** Immunoblot analysis of retbindin under reducing conditions in five to six independent retinal extracts taken from P30 and P90 WT and *Prph2^R172W^* mice showing significant upregulation at both time points. Retbindin levels were measured densitometrically using Bio-Rad Image Lab v4.1 software and normalized to actin. Data are presented as mean ± SEM. \**P* \< 0.05 and \*\**P* \< 0.001 by two-way analysis of variance with Tukey\'s post hoc test. (**B)** Representative images of P30 retinal cross-sections taken from WT and *Prph2^R172W^* mice labeled for retbindin (*red*) with nuclei counterstained with DAPI (*blue*). OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer. *Scale bars:* 5 µm. Images in **B** (*upper panel*) were collected under epifluorescent conditions at magnification × 40. Images in **B** (*lower panel*) were captured at magnification ×63 and shown are airyscan processed collapsed planes from a confocal stack. (**C**) Reducing SDS-PAGE western blot analysis of P30 WT and *Prph2^R172W^* retinal extracts separated into soluble IPM, membrane, and cytoplasmic fractions, probed with anti-Rtbdn, -IRBP, -GAPDH and -Prph2 antibodies.](iovs-61-6-17-f001){#fig1}

Quantification of Cellular ATP Levels {#sec2-4}
-------------------------------------

The total levels of cellular ATP in freshly collected retinal samples were measured using Abcam (ab113849) luminescent ATP detection Assay kit as previously described.[@bib4] In brief, retinas were placed in 110 µl PBS (pH 7.4) and 1 × protease inhibitors and homogenized using sonication and centrifuged at 16, 128 × g for 5 minutes. Supernatant 100 µL for each sample was transferred to a single well of a 96-well and plate processed as per manufacturer\'s instructions. All of these procedures were performed under a dim red light. The plate was immediately placed in the microplate reader (Spectramax M5; Molecular Devices, Sunnyvale, CA, USA). The ATP levels in each sample were calculated based on luminescence values from a standard curve.

Electroretinography {#sec2-5}
-------------------

Full-field ERG was performed at P30, P60, and P90 under scotopic and photopic conditions as described previously[@bib20] using UTAS system (LKC, Gaithersburg, MD, USA).

Light Histology and Morphometry {#sec2-6}
-------------------------------

Eyes were collected, fixed, embedded and sectioned as described in.[@bib12] Slides with the sections along the optic nerve were stained with hematoxylin and eosin then mounted using Permount mounting medium (Thermo Fisher Scientific). Images were captured every 200 µm along the superior-inferior plane starting from the optic nerve using Zeiss Axioskop 50. Outer nuclear layer cells were counted within the areas enclosing 100 µm length every 200 µm.

Transmission Electron Microscopy {#sec2-7}
--------------------------------

The superior hemisphere of the eyes was marked and then harvested, punctured at the ora serrata, and fixed in mixed aldehyde fixative (2% paraformaldehyde, 2% glutaraldehyde, 100 mmol/L cacodylate, 0.025% CaCl~2~ \[pH 7.4\]) for 2 hours. Cornea and lens were removed, and eye cups were returned back to the fixative and incubated at 4°C overnight. The globes were embedded in plastic resin, sectioned, and stained with osmium tetroxide as explained elsewhere.[@bib20]^,^[@bib21] Ultrastructural imaging was performed as previously described.[@bib21]

Fundus and Fluorescein Angiography {#sec2-8}
----------------------------------

Fundus and fluorescein angiogram imaging was performed as described previously[@bib23] using Phoenix Micron IV system (Phoenix Research Laboratories, Pleasanton, CA, USA). After capturing bright field images, mice were intraperitoneally injected with clinical grade (Akorn Ak-fluor 10%) fluorescein at a dose of 0.01 mL/10 gm weight of the animal. Thirty seconds after injection, images were collected using the 451.5- to 486.5-nm excitation and 488-nm emission GFP filter. All of the animals were exposed to the same amount of light at same voltage and gain. Images were obtained using Discover-1.2 software.

Flavin Quantification by HPLC {#sec2-9}
-----------------------------

Animals were fasted for 6 hours before euthanasia to prevent any feeding variability among animals. Retinas were collected and snap-frozen in liquid nitrogen and kept at −80°C. Microextraction and quantification of flavins (riboflavin, FAD, and FMN) were carried out as described[@bib11] using Waters HPLC system (Waters, Milford, MA, USA).

Statistical Analysis {#sec2-11}
--------------------

Statistical analyses were done using one- or two-way analysis of variance with Tukey\'s post hoc comparison. Graphpad Prism v.8 was used for all analysis.

Results {#sec3}
=======

Retbindin Levels are Upregulated in *Prph2^R172W^* Retinas {#sec3-1}
----------------------------------------------------------

To begin evaluating whether retbindin is important during photoreceptor degeneration, we assessed its levels in retinal extracts harvested from the *Prph2^R172W^* mice. This mouse line carries endogenous wild-type Prph2 and a R172W mutant Prph2 allele, resulting in expression of R172W protein at levels equivalent to ∼40% of endogenous Prph2 levels.[@bib12] Previously we showed that overexpression of WT Prph2 is not toxic to the retina, but R172W animals exhibit gradual structural and functional retinal degeneration.[@bib12]^,^[@bib15] Immunoblot analysis showed that retbindin levels were 2.5 fold higher in *Prph2^R172W^*than nontransgenic wild-type (WT) at P30 ([Fig. 1](#fig1){ref-type="fig"}A) and critically that levels continued to rise in *Prph2^R172W^* from P30 to P90, 3.7-fold higher than in WT at P90.

Our previous biochemical studies showed that retbindin is an extracellular protein, which co-localizes with the IPM marker wheat germ agglutinin (but not the disc component rhodopsin).[@bib2] Retbindin is normally found in two areas; the IPM between the apical edge of the OSs and the RPE, and surrounding the inner segments (IS).[@bib2] Immunofluorescence labeling at P30 demonstrated that *Prph2^R172W^* retinas exhibit labeling in these areas, but rather than a layer of labeling restricted to the apical OS/RPE junction, *Prph2^R172W^*retinas exhibit retbindin labeling throughout the OS layer ([Fig. 1](#fig1){ref-type="fig"}B). We previously found that retbindin is an extracellular membrane associated component of the insoluble IPM. To determine whether this subcellular localization is preserved in the *Prph2^R172W^*, we fractionated retinas into the soluble IPM, retinal membranes, and retinal cytoplasm. The majority of retbindin in both the WT and *Prph2^R172W^* is found in the membrane fraction (Prph2 shown as a positive control), with no significant retbindin in the soluble IPM (IRBP as a positive control) ([Fig. 1](#fig1){ref-type="fig"}C). A small portion of total retbindin is found in the cytoplasmic fraction and interestingly, two retbindin bands are detected. These likely reflect newly synthesized immature (upper band) and mature retbindin (lower band) and suggests that retbindin undergoes posttranslational modification/processing.

Retbindin Ablation Exerts Negative Functional and Structural Effects on *Prph2^R172W^* Retina {#sec3-2}
---------------------------------------------------------------------------------------------

The observed upregulation of retbindin in *Prph2^R172W^* retinas supported the idea that retbindin plays a role during retinal degeneration. To help understand whether this upregulation was a protective response (i.e., to help protect the retina in the face of a degenerative insult) or a contributor to degeneration, we backcrossed the *Prph2^R172W^* mice onto the *Rtbdn^−/−^* background. We conducted full-field scotopic and photopic electroretinography (ERG) to measure rod and cone function, respectively ([Fig. 2](#fig2){ref-type="fig"}A). Consistent with previous findings, elimination of retbindin (*Rtbdn^−/−^*) had no deleterious effects on retinal function up to P90.[@bib4] In contrast, eliminating retbindin in the *Prph2^R172W^* retina led to statistically significant reductions in both cone and rod responses at all three ages in comparison to WT and single mutants ([Fig. 2](#fig2){ref-type="fig"}B). Eliminating retbindin in *Prph2^R172W^* mutants had a larger effect on rod function than cone function; for example, at P30, rod function (scotopic a-wave) in the *Rtbdn^−/−^/Prph2^R172W^* was reduced 52% compared to the *Prph2^R172W^*, while cone function (photopic b-wave) was reduced by 21%. However, this difference may be due to the fact that the R172W mutation affects cones more than rods, and when compared to WT, the *Rtbdn^−/−^/Prph2^R172W^* had similar reductions in both rod and cone function (to 38% and 40% of WT, respectively at P90). Scotopic b-wave is a measure of second-order neuron signaling, and here we find that scotopic a- and b-waves were reduced fairly proportionally.

![Lack of retbindin in the *Prph2^R172W^* mutant causes defect in rod and cone functions. (**A**) Representative waveforms of scotopic and photopic ERG responses recorded from P30 WT, *Rtbdn^−/−^*, *Prph2^R172W^*, and *Rtbdn^−/−^*/*Prph2R^172W^* mice. (**B, C**) Average amplitudes of maximum scotopic a-wave (**B**) and photopic b-waves (**C**) plotted as mean ± SEM from mice of the indicated genotypes at P30, P60 and P90. N = 10 to 19 animals for each genotype/age. + indicates comparisons between WT and *Rtbdn^−/−^*/*Prph2R^172W^* as well as between *Rtbdn^−/−^* and *Rtbdn^−/−^*/*Prph2R^172W^*. *Ampersand* indicates comparisons between WT and *Rtbdn^−/−^, asterisk* indicates comparisons between WT and *Prph2^R172W^*, and *yen symbol* (¥) indicates comparison between *Prph2R^172W^* and *Rtbdn^−/−^*/*Prph2R^172W^*. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001 by two-way analysis of variance with Tukey\'s post hoc comparison.](iovs-61-6-17-f002){#fig2}

Histologic analyses showed no obvious signs of retinal degeneration at P30 in the *Prph2^R172W^* or the *Rtbdn^−/−^*; however, there is evident thinning of the outer nuclear layer (ONL), as well as the OS and IS layers in the *Rtbdn^−/−^/Prph2^R172W^*retina ([Fig. 3](#fig3){ref-type="fig"}A). To quantify this degeneration, we counted ONL nuclei (95-97% rods) across the retina ([Fig. 3](#fig3){ref-type="fig"}C). ONL counts in WT, *Rtbdn^−/−^,* and *Prph2^R172W^* were not significantly different from each other at P30, but there was a ∼25% reduction in ONL nuclei in the *Rtbdn^−/−^/Prph2^R172W^* central retina compared to WT ([Fig. 3](#fig3){ref-type="fig"}C, left). At P90, this was even more pronounced, with ∼65% reduction in ONL cells in the *Rtbdn^−/−^/Prph2^R172W^* central retina compared to in WT. In striking contrast, the *Rtbdn^−/−^* still shows no degeneration at P90, and the *Prph2^R172W^* only shows a very small reduction in the ONL at P90 ([Fig. 3](#fig3){ref-type="fig"}c, right). Although retbindin is expressed only in rods, long-term retbindin deficiency led to rod and cone defects.[@bib2] Here we saw exacerbated cone functional deficits in the *Rtbdn^−/−^/Prph2^R172W^* retina, so we counted cone photoreceptors in the central retina labeled with peanut agglutinin ([Figs. 3](#fig3){ref-type="fig"}B,D). Similar to rods, we observed significant loss of cone cells in the *Rtbdn^−/−^/Prph2^R172W^ retinas* at both P30 and P90 ([Fig. 3](#fig3){ref-type="fig"}D).

![Photoreceptor degeneration is accelerated in the *Rtbdn^−/−^*/*Prph2R^172W^*. (**A**) Shown are light micrographs of retinal sections from WT, *Rtbdn^−/−^*, *Prph2^R172W^, and Rtbdn^−/−^/Prph2^R172W^* mice at P30 and P90. *Scale bar:* 50 µm. (**B**) Cone photoreceptors were labeled using PNA at P30 and P90. Shown are representative images taken at P90, 200 µm superior to the optic nerve head. *Scale bar:* 20 µm. Images in were collected at original magnification × 20 and are collapsed views of confocal images with six planes (1 µm each). (**C**) Photoreceptor nuclear count for each genotype was plotted across the retina as mean ± SEM. The cells were counted in the area covering 100 µm every 200 µm starting at the optic nerve head. N = 3 eyes/genotype. *Asterisk* indicates WT, *Rtbdn^−/−^*, and *Prph2^R172W^* compared to *Rtbdn^−/−^/Prph2^R172W^*. *Plus signs* indicate comparison between WT and *Prph2^R172W^*. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 by two-way analysis of variance with Tukey\'s post hoc comparison. (**D**) Cones were counted in images captured 200 µm inferior and superior of the ONH and averaged to give a value for each animal. N = 3 animals/genotype and age. \**P* \< 0.05, \**P* \< 0.01 for two-way analysis of variance with Tukey\'s post hoc comparison. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; I, inferior; S, superior; ONH, optic nerve head.](iovs-61-6-17-f003){#fig3}

Ultrastructural examination showed that, unlike the WT and the single mutants that exhibited nicely aligned stacks of discs, most OSs in the *Rtbdn^−/−^/Prph2^R172W^* were highly disorganized (asterisks, [Fig. 4](#fig4){ref-type="fig"}A) and ISs were swollen (white arrowheads, [Fig. 4](#fig4){ref-type="fig"}A) at P30 and P90. This disorganization is clearer at higher magnification ([Fig. 4](#fig4){ref-type="fig"}B); some OS discs in the *Rtbdn^−/−^/Prph2^R172W^* retina are misaligned (blacked asterisks, [Fig. 4](#fig4){ref-type="fig"}B), shorter (black arrow heads, [Fig. 4](#fig4){ref-type="fig"}B) or totally disrupted (black arrows, [Fig. 4](#fig4){ref-type="fig"}B). OS disorganization is exacerbated at P90 where swirls are present in *Rtbdn^−/−^/Prph2^R172W^*retinas (white arrowheads, [Fig. 4](#fig4){ref-type="fig"}B) next to fairly organized OSs (white arrows, [Fig. 4](#fig4){ref-type="fig"}B). In addition, RPE cells showed marked vacuolization in the *Rtbdn^−/−^/Prph2^R172W^* (black arrows, [Fig. 4](#fig4){ref-type="fig"}A). These vacuoles often contain membranous debris ([Fig. 4](#fig4){ref-type="fig"}A, inset), possibly undigested OS. However, in contrast to photoreceptor defects which are much more severe in the *Rtbdn^−/−^/Prph2^R172W^* than in WT or single mutants, RPE defects are seen in both double mutants and *Prph2^R172W^*, suggesting RPE changes may be primarily due to the R172W mutation.

![Retbindin ablation in the *Prph2^R172W^* retina causes ultrastructural changes. (**A**) Shown are representative EM images of OS and RPE for the indicated genotypes. *Black arrows* denote vacuoles present in the RPE. *White arrows* show OSs with well stacked disc. *Asterisks* point out the disorganized, degenerated OSs and *white arrowheads* mark the swollen ISs. *Scale bar:* 10 µm, original magnification × 5000. (**B**) Shown are representative EM images of OSs from the indicated genotypes. *Black arrows* denote disrupted OS discs and *asterisks* mark misaligned discs. *White arrowheads* show OS whorls whereas *white arrow* highlights more normal disc stacking. *Black arrowheads* point to shortened discs. *Scale bar:* 2 µm, original magnification × 25,000. BM, Bruch\'s membrane; RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment.](iovs-61-6-17-f004){#fig4}

Ablation of Retbindin in the *Prph2^R172W^* Retina Leads to Retinal Gliosis {#sec3-3}
---------------------------------------------------------------------------

One sign of retinal stress and gliosis[@bib24]^--^[@bib26] is upregulation of glial fibrillary acidic protein (GFAP) in Müller cells. Reactive gliosis can be neuroprotective, but chronic gliosis can contribute to vascular and other retinal pathologies.[@bib27] At P30, GFAP was restricted to the nerve fiber layer as expected. However, by P90 GFAP labeling was increased in the *Rtbdn^−/−^/Prph2^R172W^* retina, with Müller cell labeling extending into the inner plexiform and inner nuclear layer, consistent with gliosis ([Fig. 5](#fig5){ref-type="fig"}, arrows).

![*Rtbdn^−/−^/Prph2^R172W^* retina shows altered pattern of GFAP labeling. Shown are representative images of retinal sections probed for GFAP (*green*) and DAPI (*blue*). Images were collected under epifluorescent conditions at original magnification × 40. *Arrows* highlight increased gliosis at P90. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. *Scale bar:* 10 µm.](iovs-61-6-17-f005){#fig5}

*Rtbdn^−/−^/Prph2^R172W^* Mice Exhibit Fundus and Retinal Vascular Abnormalities {#sec3-4}
--------------------------------------------------------------------------------

Humans and mice carrying the R172W mutation exhibit alterations in retinal vasculature with varying degrees of penetrance.[@bib15]^,^[@bib17] To assess whether eliminating retbindin had any effect on retinal vasculature we performed fundus imaging and fluorescein angiography at multiple time points. There were no overt changes in fundus appearance or fluorescein angiogram at P90 ([Fig. 6](#fig6){ref-type="fig"}A), but by P240, *Rtbdn^−/−^/Prph2^R172W^* eyes start to exhibit changes ([Figs. 6](#fig6){ref-type="fig"}A, 6B). On fundus images, large degenerative patches become evident (black arrowheads, [Fig. 6](#fig6){ref-type="fig"}B) and correlate with areas where diffuse GFP signal from the choroid can be seen (white arrowheads, [Fig. 6](#fig6){ref-type="fig"}B). This phenotype is variable among age-matched mice ([Fig. 6](#fig6){ref-type="fig"}B). In P240 *Rtbdn^−/−^/Prph2^R172W^* animals, 12 of 13 animals showed neovascular tufts, and three of 13 exhibited splotchy degenerated areas (on fundus images). These phenotypes also occurred in the *Prph2^R172W^*, five of nine animals exhibited neovascular tufts and five of nine splotchy degenerative areas. In contrast, none (of seven) *Rtbdn^−/−^* mice exhibited these phenotypes at P240, and only one of seven wild-type mice had a very small number of neovascular tufts. To help better visualize these neovascular tufts, we labeled blood vessels on retinal flat mounts using isolectin B4 (red, [Fig. 6](#fig6){ref-type="fig"}C). Capillary tufts (white arrows) were observed in the central and peripheral areas of the *Prph2^R172W^* retinas, a phenotype that was worsened in *Rtbdn^−/−^/Prph2^R172W^* retinas.

![*Rtbdn^−/−^/Prph2^R172W^* mice exhibit fundus and vascular abnormalities. (**A**) Fundus images and fluorescein angiograms were captured from mice of the indicated genotypes at P90 and P240. (**B**) Shown are representative fundus and fluorescein angiograms from three additional *Rtbdn^−/−^/Prph2^R172W^* mice. *White arrows* show neovascular tufts, and *white arrowheads* denote leakage. (**C**) Shown are representative isolectin-B4 stained (*red*), flat mounted retinas from P240 WT, *Rtbdn^−/−^*, *Prph2^R172W^, and Rtbdn^−/−^/Prph2^R172W^* mice. *Arrows* indicate neovascular tufts.](iovs-61-6-17-f006){#fig6}

Changes in Flavin Processing in the *Rtbdn^−/−^/Prph2^R172W^* {#sec3-5}
-------------------------------------------------------------

Riboflavin and its cofactors FMN and FAD are essential for retinal health,[@bib28]^--^[@bib30] and flavin levels are significantly reduced in the *Rtbdn^−/−^* retina.[@bib4] We observe that at P30, riboflavin, FAD, and FMN levels are decreased in the *Rtbdn^−/−^* and *Prph2^R172W^* (compared to WT, [Figs. 7](#fig7){ref-type="fig"}A--C, left). P30 FMN levels are also reduced in the *Rtbdn^−/−^Prph2^R172W^*, however, riboflavin levels are elevated at P30 (compared to the *Rtbdn^−/−^*). This finding is more pronounced at P90 where both FMN and riboflavin levels are increased in the *Rtbdn^−/−^Prph2^R172W^* compared to *Rtbdn^−/−^* ([Figs. 7](#fig7){ref-type="fig"}A,B). Interestingly, while riboflavin and FMN levels are elevated in the *Rtbdn^−/−^/Prph2^R172W^*, FAD levels in the *Rtbdn^−/−^/Prph2^R172W^* retina remain reduced over time, similar to the *Rtbdn^−/−^* ([Fig. 7](#fig7){ref-type="fig"}C).

![Retinal flavins are altered in the *Rtbdn^−/−^/Prph2^R172W^* retina**.** (**A--C**) HPLC analysis was used to measure flavins (riboflavin \[**A**\], FMN \[**B**\], FAD \[**C**\]) in retinal samples collected from the mice of the indicated genotypes at P30 and P90. Data are presented as pmol/retina and plotted as mean ± SEM). N = 10 to 12 retinas for each genotype. (**D**) Immunoblot analysis was performed for FLAD1 under reducing conditions in retinal extracts from P90 WT, *Rtbdn^−/−^, Prph2^R172W^*and *Rtbdn-/-/Prph2^R172W^* mice. N = 6 retinas/group. Band density was measured densitometrically on nonsaturated blots, normalized to actin, and plotted as mean ± SEM. (**E**) ATP was measured in retinas of the indicated genotypes at P30 and are presented in µmol/L/retina. N = 4 to 10 retinas per genotype. Data were plotted as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 by two-way analysis of variance (ANOVA) (**A--C**) or one-way ANOVA (**D, E**) with Tukey\'s post hoc comparison.](iovs-61-6-17-f007){#fig7}

Within cells, FAD synthase (FLAD1) catalyzes the adenylation of FMN to form FAD. The increased levels of riboflavin and FMN ([Figs. 7](#fig7){ref-type="fig"}A, 7B) without concomitant increases in FAD ([Fig. 7](#fig7){ref-type="fig"}C) prompted us to ask whether FLAD1 protein levels were changed in the *Rtbdn^−/−^/Prph2^R172W^* retina. However, retinal FLAD1 levels were not significantly different in any group ([Fig. 7](#fig7){ref-type="fig"}D).

*Rtbdn^−/−^/Prph2^R172W^* Retina Harbors Increased ATP Levels {#sec3-6}
-------------------------------------------------------------

Apoptosis and energy metabolism are tightly coupled processes, and it is well known that deficiencies in energy metabolism can lead to visual dysfunction and neuronal degeneration.[@bib31] We previously found that elimination of retbindin led to reduced ATP levels in the retina.[@bib4] Therefore, ATP levels were measured in *Rtbdn^−/−^/Prph2^R172W^* retinas. ATP levels were reduced in the *Rtbdn^−/−^* as expected but were significantly elevated in the *Rtbdn^−/−^/Prph2^R172W^*([Fig. 7](#fig7){ref-type="fig"}E).

Discussion {#sec4}
==========

Eliminating retbindin in a model of inherited cone-rod dystrophy (R172W) caused exacerbation in degenerative phenotypes such as rod and cone function, rod and cone cell loss, and retinal gliosis. These phenotypes were much more severe in the *Rtbdn^−/−^*/*Prph2^R172W^* than either the *Rtbdn^−/−^* or *Prph2^R172W^* alone. Retbindin levels are significantly increased in the R172W model at P30, and these two factors combined suggest that retbindin plays a protective role for both rods and cones (though it is only expressed in rods[@bib2]) during photoreceptor degeneration. Our results also suggest that retbindin is essential for retinal homeostasis. We hypothesized that one important function of retbindin is to facilitate enrichment of retinal flavins. In the *Rtbdn^−/−^*, riboflavin, FAD, and FMN levels are all reduced, consistent with this idea. This idea is also largely supported by data from the *Prph2^R172W^* line. Young *Prph2^R172W^* retinas have reduced flavin levels, possibly due to increased energy demands either to promote apoptosis or cell survival in a retina facing degenerative insults. However, in this model, retbindin levels are elevated, and by P90, riboflavin and FMN levels are back to WT levels.

Our current data also suggest an additional role for retbindin. Flavins are delivered to the retina via inner retinal blood vessels and the RPE,[@bib32]^,^[@bib33] and potentially taken into retinal cells through riboflavin organic ion transporters RFVT1-3 (*SLC52A1-A3*).[@bib34]^,^[@bib35] In the blood, flavins bind to albumin and immunoglobulins, and inside cells they bind as cofactors to the enzymes of the riboflavin proteome. This protein binding is essential; unbound flavins that are exposed to light (such as in the retina) undergo photoreduction and are converted to reactive species that can initiate lipid peroxidation and cellular toxicity.[@bib36]^--^[@bib38] Thus it is logical to hypothesize that an additional function of retbindin is to bind flavins in the IPM to prevent this photoreduction-associated toxicity. Support for this hypothesis comes from our previous in vitro experiments showing that retbindin was capable of preventing light-induced riboflavin-associated cell death.[@bib39] This function may also explain why degeneration in the *Prph2^R172W^* was so exacerbated by removal of retbindin; indeed elevated flavin levels coupled with a lack of flavin binding proteins (i.e., retbindin) may translate to increased lipid peroxidation and oxidative stress-induced cellular toxicity.

However, analysis of flavin levels in the *Rtbdn^−/−^/Prph2^R172W^* adds a layer of complication. In spite of the absence of retbindin, both riboflavin and FMN are up at P90 in the *Rtbdn^−/−^/Prph2^R172W^* compared to the *Rtbdn^−/−^*. Why should introducing the Prph2 R172W mutation "rescue" the *Rtbdn^−/−^* phenotype of reduced flavin levels? One hypothesis is that the exacerbated retinal degeneration in the *Rtbdn^−/−^/Prph2^R172W^* might lead to increased flavin levels compared to the *Rtbdn^−/−^*. Energy is required during apoptotic cell death,[@bib40] which is occurring in Prph2-associated retinal degeneration, and flavins play a role in cellular energy generation.[@bib41] Yet this hypothesis is inconsistent with our previous findings. At P30, the *rd1* and r*d10* models both show decreases in flavin levels,[@bib11] and the amount degeneration we see at P90 in the *Rtbdn^−/−^/Prph2^R172W^*(at which point flavin levels are increased) is in between that seen at P30 in the *rd1* and r*d10*.

Another interesting finding is that although FMN and riboflavin levels are elevated in the *Rtbdn^−/−^/Prph2^R172W^* and *Prph2^R172W^* compared to *Rtbdn^−/−^*, FAD levels remain reduced. This raises the question of whether FMN, specifically, is in high demand during the photoreceptor degeneration seen in the *Prph2^R172W^*. The majority of the enzymes that use flavins utilize FAD rather than FMN (84% vs. 16%[@bib35]^,^[@bib42]). However, FMN-dependent enzymes are involved in a wide variety of cellular processes, including energy generation in the electron transport chain; synthesis of methionine, coenzyme A, and tRNAs; and pyrimidine breakdown, among other functions. Further investigation will be needed to understand whether increased FMN levels during retinal degeneration are tied to increased demand for FMN as a cellular cofactor.

Support for the idea that there is increased demand for flavins as cofactors in energy generation in this degenerative model comes from our observation that there are elevated levels of total ATP in *Rtbdn^−/−^/Prph2^R172W^* retinas. Apoptosis is a highly regulated process which requires ATP at many different steps, and there are mixed findings regarding levels of ATP in tissues undergoing apoptosis.[@bib43]^--^[@bib45] However, it has been shown that apoptotic signals can lead to necrotic cell death if there is insufficient ATP.[@bib46]^--^[@bib48] Thus the increased ATP levels in the *Rtbdn^−/−^/Prph2^R172W^* retinas may reflect a mechanism to protect surrounding tissues,[@bib49] that is, by ensuring that apoptosis can be completed rather than defaulting to necrosis. Future studies may more precisely evaluate cell death mechanisms ongoing in these models.

One interesting observation is that the absence of retbindin in the *Prph2^R172W^* retina resulted in vascular pathologies such as the appearance of neovascular tufts. However, we did not observe vascular pathology at early ages, at timepoints when retinal function and photoreceptor structure were already significantly affected. This suggests that the vascular pathology is a secondary effect to retinal degeneration in the *Rtbdn^−/−^/Prph2^R172W^* retina. Early photoreceptor dysfunction in rats is predictive of ensuing neurovascularization,[@bib50] and other studies demonstrated that photoreceptor energy demand controls the vascular supply and drive vessel growth.[@bib51]^--^[@bib53] Given the role of flavin-binding enzymes in cellular metabolism and the potential role of retbindin in flavin processing in the retina, it is logical to hypothesize that retinal metabolism is altered in *Rtbdn^−/−^* retinas during degeneration, thus accelerating associated vascular pathologies.

It has become increasingly apparent that metabolism and cellular bioenergetics are essential to cellular homeostasis and that aberrations in these processes play a major role in a widening circle of pathologies. As a result, understanding the mechanisms by which retinal nutrient balance is generated and maintained is absolutely essential. Our findings here support the importance of a clearer understanding of the mechanisms underlying retinal homeostasis: by removing retbindin and altering flavins in the retina, degeneration is accelerated in a model of inherited retinal disease. This study indicates that retbindin is essential for retinal health and suggests it may play a protective role during retinal degeneration. Our findings also raise a large number of questions about the role of flavins in retinal homeostasis and disease, about the role of retbindin as a flavin binding protein in the retina, and about potential other roles for retbindin. They also highlight unique tissue-specific biology. While flavins are essential cofactors in all cells, the unique, light-rich tissue microenvironment of the retina coupled with the high metabolic rate create a tissue with unique demands for flavin and flavin binding proteins. The study of retbindin is quite new, and there is much we still do not know about its function in the retina. This study advances our understanding of the role of retbindin in models of retinal pathology, and we look forward to future mechanistic studies to help further our understanding of its function. Our ultimate goal is to identify therapeutic targets related to retbindin that will help promote cellular homeostasis in a variety of disease states. With the current availability of tools for precisely measuring mitochondrial energetics and assessing metabolome profiles, coupled with these unique animal models, we have an unparalleled opportunity to explore retinal homeostasis at the most fundamental cellular level.
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